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Pathogen challenge can trigger an integrated set of signal transduction pathways, which ultimately leads to a state of “high
alert,” otherwise known as systemic or induced resistance in tissue remote to the initial infection. Although large-scale gene
expression during systemic acquired resistance, which is induced by salicylic acid or necrotizing pathogens has been
previously reported using a bacterial pathogen, the nature of systemic defense responses triggered by an incompatible
necrotrophic fungal pathogen is not known. We examined transcriptional changes that occur during systemic defense
responses in Arabidopsis plants inoculated with the incompatible fungal pathogen Alternaria brassicicola. Substantial changes
(2.00-fold and statistically significant) were demonstrated in distal tissue of inoculated plants for 35 genes (25 up-regulated
and 10 down-regulated), and expression of a selected subset of systemically expressed genes was confirmed using real-time
quantitative polymerase chain reaction. Genes with altered expression in distal tissue included those with putative functions
in cellular housekeeping, indicating that plants modify these vital processes to facilitate a coordinated response to pathogen
attack. Transcriptional up-regulation of genes encoding enzymes functioning in the B-oxidation pathway of fatty acids was
particularly interesting. Transcriptional up-regulation was also observed for genes involved in cell wall synthesis and
modification and genes putatively involved in signal transduction. The results of this study, therefore, confirm the notion

that distal tissue of a pathogen-challenged plant has a heightened preparedness for subsequent pathogen attacks.

Plants have evolved a number of defense strategies
to protect themselves from pathogen invasion. The
hypersensitive response at the site of attempted in-
fection is one of the most common features of disease
resistance response in incompatible plant-microbe in-
teractions. In many instances, the onset of this initial
response also activates a signaling process that
makes the plant not only locally, but also systemi-
cally, more refractory to subsequent infections by a
broad spectrum of pathogens. This response is
known as systemic acquired resistance (SAR) and is
accompanied with activation of many plant genes
(Ryals et al., 1996). The defense signal, salicylic acid
(SA) is one key modulator of SAR. Although the
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specific role of SA as a systemic signal is still not
clear, its accumulation in local and distal (uninocu-
lated) tissues is accompanied with coordinated ex-
pression of a specific subset of defense genes
(Malamy et al., 1990; Métraux et al., 1990; Maleck et
al., 2000). Pathogen challenge also leads to the syn-
thesis of other signaling molecules such as jas-
monates and ethylene, which along with SA regulate
distinct but overlapping patterns of defense gene
expression (Reymond and Farmer, 1998; Feys and
Parker, 2000; Schenk et al., 2000; Devadas et al., 2002).
Recent evidence also suggests that there is an exten-
sive overlap between the gene expression triggered
by pathogen inoculation, defense-signaling com-
pounds, and other physiological processes such as
senescence (Quirino et al., 1999; Morris et al., 2000;
He et al., 2002).

It has been hypothesized that systemic resistance
may result from induced tissues being “primed” to
provide a rapid and strong defense response follow-
ing subsequent pathogen challenge (Conrath et al.,
2002). A part of this process appears to be the devel-
opment of a “primed state” (Conrath et al., 2002) or
“maintenance period” at later stages of induction of
SAR (e.g. at 48 h after infection with Pseudomonas
syringae; Maleck et al., 2000). Previously, it has been
shown that inoculation of Arabidopsis with incom-
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patible strains of the fungus Alternaria brassicicola
results in a strong systemic response leading to the
sustained induction of genes such as PR1 and PDF1.2
(Penninckx et al., 1996), which are respective markers
for the salicylate and jasmonate defense-signaling
pathways (Ryals et al., 1996; Penninckx et al., 1996;
Manners et al., 1998). Interestingly, although inocu-
lation of Arabidopsis with A. brassicicola induces SA
marker gene PRI (Penninckx et al., 1996), a growing
body of evidence indicates that basal resistance to
this pathogen requires a functional jasmonate/ethyl-
ene pathway. For example, coil and ein2 mutants
defective in the jasmonate/ethylene signaling exhibit
higher susceptibility to A. brassicicola infection
(Thomma et al., 1998, 1999), whereas the wild-type
resistance against this fungus was restored by methyl
jasmonate (M]) treatment in the pad3 mutant defec-
tive for camalexin biosynthesis (Thomma et al., 1998).
In addition, compatible isolates of A. brassicicola are
not sensitive to SAR induced by isonicotinic acid, a
functional SA-analog (Ton et al., 2002). All of these
make this particular Arabidopsis-pathogen interac-
tion very interesting to study in regard to systemic
events resulting either independently or in conjunc-
tion with the better-studied SAR response. However,
so far, very little is known about genes that may be
induced in distal noninoculated leaves of Arabidop-
sis after inoculation with A. brassicicola.

We previously reported gene induction in Arabi-
dopsis leaves locally challenged by an incompatible
isolate of A. brassicicola and after treatment with de-
fense regulators (Schenk et al., 2000). In this paper,
using microarray analysis, we specifically examined
the transcriptional changes that occur in uninocu-
lated tissue after local inoculation of Arabidopsis
leaves with A. brassicicola. In addition to known de-
fense genes, we identified a number of genes and
presumed biochemical functions that have not been
previously associated with systemic or local defense
responses in plants. We expect that further charac-
terization of these genes and functions will extend
our understanding on how plants defend themselves
from pathogen attack and help to design improved
crop protection strategies.

Figure 1. Expression profile of the Arabidopsis
PDF1.2 gene after inoculation with Alternaria
brassicicola in locally inoculated (Loc) or re-
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RESULTS AND DISCUSSION

Time Course of PDF1.2 Expression in Distal and
Local Tissue

The aim of this study was to gain insights into
transcriptional changes that occur in distal tissue
during defense responses triggered by an incompat-
ible fungal pathogen. Because this type of systemic
response can potentially last several days, we first set
out to identify a representative time point where full
spectrum of systemic gene expression could be stud-
ied (“systemic maintenance period”). We hypothe-
sized that the expression from known defense genes
should be relatively high during this period to pro-
vide the plant a long-lasting and a broad spectrum of
resistance. A well-established marker gene for the
defense response in Arabidopsis is the PDF1.2 gene
that encodes an antimicrobial peptide. A time-course
study after inoculation with A. brassicicola was per-
formed for this gene using real-time quantitative re-
verse transcriptase-PCR (RT-qPCR) and showed that
induction occurred as early as 6 to 12 h after inocu-
lation (Fig. 1A). Interestingly, no difference in the
timing of the first induction of PDF1.2 was observed
between local and distal tissue, suggesting that the
signal for systemic activation of this gene travels
quite rapidly. However, accumulation of the PDF1.2
transcript in time points after 12 h was much higher
in local tissue (118-fold induction at 24 h) than that in
distal tissue (4.3-fold induction at 24 h). The highest
induction ratios of PDF1.2 compared with uninocu-
lated control plants were found at 72 h for both local
(202-fold induction) and distal (7.8-fold induction)
tissue. Northern-blot analysis of the PDF1.2 gene
confirmed significant expression at 72 h in locally
inoculated and in distal leaf tissue of two indepen-
dent inoculation experiments (Fig. 1B). Thus, a time
point corresponding to 72 h after fungal inoculation
was chosen to study the systemic responses during
the maintenance period. It is important to note that
genes that show specific induction during the early
stages of systemic defense responses in this interac-
tion may not be represented in our analysis.
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c¢DNA Microarray Analysis of Systemic Gene
Expression after Inoculation by A. brassicicola

Three independent inoculation experiments were
performed, and total RNA was isolated from locally
inoculated and uninoculated (distal) leaves as well as
from wuninoculated control plants, converted to
cDNA, labeled with separate fluorescence dyes, and
hybridized onto cDNA microarrays in binary com-
parisons of samples to equivalent controls in each
replicate experiment. The cDNA microarray we used
was previously described and contains 2,375 Arabi-
dopsis expressed sequence tags (ESTs) with a bias
toward putative defense-related and regulatory
genes (Schenk et al., 2000).

A total of 100 genes that showed differential ex-
pression with a mean change in expression greater
than 2-fold in distal tissue as compared with equiv-
alent tissue from uninoculated control plants were
identified after analysis of microarray data, and also
passed all other selection criteria for spot quantifica-
tions (see “Materials and Methods”). These included
83 induced and 17 repressed genes (Table I; supple-
mentary table, which can be viewed at www.
plantphysiol.org). Statistical analyses of microarray
data across the three independent experiments
showed that 35 of these genes had t test probability
values higher than 95% (P < 0.05), suggesting that
the expression values observed for these particular
genes in different biological replicates were the most
robust. Of these genes, 25 were up-regulated and 10
were down-regulated in the distal leaves (Table I).
The PR1 and the PDF1.2 marker genes were among
these 35 significantly altered genes and showed 2.55-
and 2.86-fold increases in expression, respectively,
with high significance values (P < 0.01). The induc-
tion ratios and other data for the remaining identified
genes that showed probability values below 95%
(P > 0.05) but otherwise met all other microarray
data analysis criteria are shown in the supplementary
table.

Twenty-seven of the genes with significantly al-
tered systemic expression have been previously
shown to be affected by SA and/or jasmonate treat-
ment, and 15 of the significantly altered systemic
genes were also altered in expression in the locally
inoculated tissues at 72 h after inoculation (Schenk et
al., 2000; see also Table I). This further suggested that
the genes identified in this analysis were relevant to
plant defense responses. Interestingly, there was a
strong relationship between the direction of up- or
down-regulation by these signals and the direction of
change in the distal tissue. This is consistent with the
results of Kazan et al. (2001) and Chapman et al.
(2002), who have used cluster and principal compo-
nent analysis, respectively, to examine the extent of
overlap in pathogen- and chemically (SA, M], and
ethylene) induced gene expression. These analyses
have shown that there was a close relationship be-
tween jasmonate and ethylene responses. In addition,
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the systemic response showed a strong correlation
with both SA- and MJ-induced responses (Kazan et
al., 2001; Chapman et al., 2002), suggesting that both
pathways play significant roles during the systemic
response triggered by A. brassicicola inoculation.

We also compared the genes induced in Arabi-
dopsis-A. brassicicola interaction with those reported
by Maleck et al. (2000), who have studied gene ex-
pression patterns in Arabidopsis during SAR trig-
gered by bacterial infection. Of the 35 genes that we
showed to be significantly altered in expression in
distal tissue after A. brassicicola challenge, only three
genes (encoding PR1, catalase 3, and a putative cy-
tochrome P450 monooxygenase (At4g31500; CYP83B)
were observed to be similarly systemically altered by
Maleck et al. (2000) at 48 h after inoculation with the
bacterial pathogen P. syringae. The low level of over-
lap in gene expression observed between these two
studies that have used different EST collections is not
surprising, considering that resistance against this
bacterial pathogen and against biotrophic pathogens
such as Peronospora parasitica is thought to occur
mainly through SA-mediated defense responses. In
contrast, resistance against necrotrophic pathogens
(e.g. Botrytis cinerea and the A. brassicicola isolate used
in this study) appears to depend on jasmonate/
ethylene-mediated defense responses (Thomma et
al., 2001). Further supporting this conclusion, ap-
proximately 20% of the genes identified in this study
were also altered after chitin (elicitor) treatment in
Arabidopsis using the same microarray as used in
this study (Ramonell et al., 2002). A. brassicicola is
known to contain chitin in its cell wall, and this may
explain the extent of overlap observed in gene ex-
pression between these two studies.

Confirmation of Microarray Results by RT-qPCR

To test whether induction of gene expression in
distal tissue could be confirmed by another method,
we performed RT-qPCR assays on a subset of 22
induced and 1 repressed genes selected from each
putative functional group given in Table I. Cross-
hybridization from closely related members of the
gene families may be problematic in microarray ex-
periments, whereas because of the use of specific
primers, expression detected from qPCR experiments
should be a true reflection of gene expression mea-
sured. These RT-qPCR experiments used RNA from
three biological replicates that were previously used
for microarray hybridizations and additional inde-
pendent biological experiments (Table I). To allow a
direct comparison of the response in inoculated and
distal leaf tissue, RNA obtained from inoculated tis-
sue was used in addition to the RNA from distal
tissue of the same plants and the equivalent uninocu-
lated control plants grown in parallel. Results from
these RT-qPCR experiments generally confirmed the
induction patterns of genes in distal tissue, which
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was usually accompanied by a similar response in
locally inoculated tissue (Table I). Altered expression
of three genes (At1g66140, At1g04680, and Atl1g06620)
was not confirmed at 72 h after inoculation using RNA
previously used for microarray analysis. However,
further analysis of independent replicates by RT-qPCR
confirmed altered expression of these genes in distal
tissue. In addition, differences in the induction values
obtained by these two methods of gene expression
analysis were observed. In general, -fold induction
values measured by RT-qPCR were lower than those
measured by cDNA microarray hybridization. How-
ever, five genes, including three highly expressed genes
(encoding PDF1.2, ATMPK3, and a putative cold
acclimation protein), showed lower induction ratios
in microarray experiments, possibly due to saturation
of the hybridization signals measured. To obtain fur-
ther expression data for individual members of gene
families, three additional genes were selected that had
close DNA sequence homology to the ESTs used in
microarray hybridization experiments. These included
three pairs of tandemly linked genes encoding puta-
tive disease resistance proteins (At1g33590 and
At1g33600), polygalacturonase inhibitors (At5g06860
and At5g06870), and cold stress-associated proteins
(At1g20440 and At1g20450). These experiments
showed induction of all three gene pairs in both
local and distal tissues (Table I). However, there
were substantial differences in the levels of induction
between different family members. For example,
At1g33600 showed significantly higher induction
(4.35-fold) in distal tissue than the gene with closest
DNA sequence homology (84%) to the EST used in
microarray hybridizations (At1g33590; 1.93-fold). It
appears likely, therefore, that transcripts of
At1g33600 cross-hybridized to the cDNA of this EST
on the microarrays, contributing to the overall induc-
tion ratio of 4.00 (Table I).

Time-Course Analysis of Expression Patterns of
Selected Genes

Although it was not possible to test the expression
patterns of all genes identified by RT-qPCR due to
time and cost involved, some genes from each func-
tional group were chosen for further expression pro-
filing. For this purpose, two additional inoculation
experiments were carried out (independent from pre-
vious microarray experiments). In these experiments,
samples of locally inoculated and distal leaf tissue
together with tissue from control plants were collected
at 48 and 72 h after inoculation with A. brassicicola.
Additional samples were collected for one replicate at
1, 3, 6,12, and 24 h to allow for further characteriza-
tion of selected genes which also included three genes
(encoding putative pectate lyase [At1g04680], acyl-
CoA synthetase [At4g23850], and a multifunctional
protein [At5g06860]) that were of particular interest
but that did not pass the initial microarray data anal-
ysis criteria. The results obtained by RT-qPCR from
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these independent replicates confirmed the induction
patterns in systemic tissue of the genes tested at either
48 or 72 h after inoculation (Table I). However, expres-
sion for some genes was higher at 48 h than at 72 h
(e.g. genes encoding a basic helix-loop-helix protein or
desacetoxyvindoline 4-hydroxylase), suggesting that
some variability of gene expression occurred for these
independent experiments despite careful control of
the experimental procedures, including the plant
growth and incubation environment. Variability ob-
served in gene induction values between the replicates
may have also contributed to the finding that only 35
of 100 genes that showed a mean of 2-fold alteration in
gene expression were significant at 95% probability in
statistical analysis. This indicates the importance of
substantial experimental replication to obtain reliable
results, an issue that has been overlooked in some
studies.

Functional Identities of Genes Expressed in
Distal Tissue

Putative Disease Resistance and Regulatory Genes

Five homologs of disease resistance genes were
induced in distal tissue after inoculation with A.
brassicicola (Table I). Similarly, the transcript abun-
dance of seven genes with potential roles in signal
transduction and transcriptional regulation was also
altered in distal tissue (three induced and four re-
pressed). The observation that the expression of dis-
ease resistance gene homologs and signaling proteins
is enhanced is consistent with a plant condition that
can more readily perceive and respond to pathogen
challenge. Expression of one of the putative disease
resistance genes identified in this group, At1g33590,
was studied further by RT-qPCR in a time-course
study using RNA from another independent repli-
cate after inoculation with A. brassicicola. An induc-
tion of this gene between 6 and 12 h in the locally
inoculated leaves was accompanied by a gradual but
weaker increase in the distal tissue where maximum
induction (1.93-fold) was reached at 48 h (Fig. 2).
Interestingly, another gene (At1g33600) encoding a
putative disease resistance protein located directly
adjacent to At1g33590 showed a much stronger in-
duction in distal tissue (4.35-fold; Table I), suggesting
that different members of this family may be regu-
lated differently.

Strong induction in distal tissue was also observed
for several putative regulatory genes, e.g. encoding a
putative Arabidopsis response regulator (ARR1-like)
and a basic helix-loop-helix protein. Recently, we
have undertaken functional studies on the latter gene
showing that this gene is likely to play a role in the
regulation of the jasmonate-dependent defense re-
sponses (J.P. Anderson, P.M. Schenk, K. Kazan, and
J.M. Manners, unpublished data). We also identified
two genes encoding putative mitogen-activated pro-
tein (MAP) kinases (AtMPK3 and AtMEKKI1) in-
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Figure 2. Expression profiles of selected Arabidopsis genes during a time course in local (Loc) and distal (Sys) leaf tissue after
inoculation with A. brassicicola. Shown are induction ratios (y axes) obtained by RT-qPCR experiments over time after
inoculation (x axes). Note that the y axis scale is different for the gene encoding a putative OsNAC6 protein.

duced in distal tissue but at relatively low signifi-
cance (P = 0.06 and P = 0.12, respectively; Table [;
supplementary table). MAP kinases are known to be
involved in transducing extracellular stimuli into in-
tercellular responses and confer resistance to both
bacterial and fungal pathogens via a signaling cas-
cade that has recently been found to be remarkably
conserved among plants, insects, and mammals
(Kovtun et al., 2000; Zhang and Klessig, 2001; Asai et
al., 2002). AtMEKKT1 has recently been reported to be
regulated by pathogen infection and flagellin 22 pro-
tein and possibly acts upstream from AtMPK3 (Asai
et al., 2002). It is also hypothesized that AtMEKK1
may be involved in the activation of PDFI1.2 and
THI2.1 genes through AtMEK1 and AtMPK4 pro-
teins. AtMPK4 has also been shown to down-regulate
SA-mediated responses, possibly by blocking SA
synthesis (Zhang and Klessig, 2001). To test the ki-
netics of AtMPK3 induction, we further investigated
expression of this gene in a time-course study after A.
brassicicola inoculation. Maximum induction values
were observed at 24 and 48 h in local and distal
tissue, respectively, before an apparently strong
down-regulation at 72 h (Fig. 2). This transient ex-
pression of AtMPK3 may coincide with the signaling
cascade required to activate the innate immune re-
sponse where AtMAPK3 protein plays a key role
(Asai et al., 2002).

Cell Wall Modifications

Genes associated with plant cell wall synthesis (e.g.
a gene encoding catalytic subunits of cellulose syn-
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thase), degradation (e.g. putative genes encoding
pectin methyl esterase and pectate lyase) and second-
ary modification (peroxidase) also showed differen-
tial expression (Table I). The induction of peroxidase
activity in distal plant tissues is well known and
peroxidase has often been used as an enzymatic
marker in early SAR studies (Kogel et al., 1994;
Young et al., 1995; Rasmussen et al., 1995). Enhanced
peroxidase activity has been shown to enhance dis-
ease resistance in transgenic plants (Kazan et al.,
1998; Way et al., 2000). Two other ESTs for cellulose
synthase (accession nos. T45414 and N96707) were
among the 83 genes that were also induced 2-fold but
at lower P values (0.06 and 0.08, respectively; sup-
plementary table). The expression profile of a gene
(Atlg04680) encoding a putative pectate lyase has
been studied in a time course where a similar pattern
was monitored in both local and distal tissue (Fig. 2).
After an initial transient induction of 1.67- and 1.53-
fold at 3 h after inoculation in local and distal tissue,
respectively, a maximum level of transcriptional in-
duction in distal tissue was reached between 24 and
72 h (1.95- and 2.53-fold induction, respectively). Pec-
tate lyase is involved in degradation of pectin in the
plant cell wall. Interestingly, transcriptional changes
detected in genes for cell wall modification were
higher represented at the time points investigated in
the systemic defense response (13% of all genes in-
duced 2-fold) than that in tissue locally inoculated
with A. brassicicola or treated with signaling com-
pounds SA, MJ, or ethylene (each approximately 6%;
Schenk et al., 2000). This further suggests a key role
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for cell wall metabolism in the systemic defense re-
sponses. Involvement of pectate lyase and cellulose
synthase in plant defense has recently been shown
(Ellis et al., 2002; Vogel et al., 2002).

Our microarray analysis also identified a gene
(AtPGIP2, At5g06870; Table I) encoding a polygalac-
turonase inhibitor, an enzyme specifically inhibiting
fungal endogalactorunases and located within the
Arabidopsis cell wall (Ferrari et al., 2003). We sub-
sequently confirmed the response of this and an-
other polygalactorunase inhibitor gene (AtPGIPI,
At5g06860) to A. brassicicola inoculation by RT-qPCR
(Table I). These two genes (AtPGIP1 and AtPGIP2)
have very close sequence similarity and are tandemly
linked/duplicated on chromosome 5 (see also Ferrari
et al., 2003). Induction of both of these genes by
fungal inoculation suggested that their protein prod-
ucts would have inhibitory effects on polygalacto-
runases potentially secreted by fungal pathogens.
Ferrari et al. (2003) have recently reported that the
enzymes encoded by these two genes are the in-
hibitors of polygalactorunases from B. cinerea, an-
other necrotrophic fungal pathogen. Moreover, over-
expression of these genes in Arabidopsis reduced
the disease symptoms caused by B. cinerea (Ferrari et
al., 2003), providing direct evidence for the roles of
these two genes in plant-necrotrophic pathogen
interactions.

Fatty Acid Metabolism

Several housekeeping genes were altered in expres-
sion in distal leaves. Most noticeably, transcripts en-
coding enzymes for all steps of the B-oxidation of
fatty acids were coordinately up-regulated in distal
tissue (Table I, Fig. 3). These were acyl-CoA syn-
thetase, acyl-CoA oxidase, catalase, multifunctional
protein (2-transenoyl-CoA hydratase and L-3-
hydroxyacyl-CoA dehydrogenase), and 3-ketoacyl-
CoA thiolase. Among these genes, only a homolog of
the Arabidopsis 3-ketoacyl-CoA thiolase in tomato
(Lycopersicon esculentum) has recently been shown to
be activated during Pto-mediated disease resistance
(Mysore et al., 2002). Amino acid sequence analysis
of the predicted proteins by pSORT (http://psort.
nibb.ac.jp/) showed that all enzymes, including the
catalase 3, were targeted to peroxisomes (except acyl-
CoA synthetase, which is located in the cytoplasm).
The EST (T43247) listed for the multifunctional pro-
tein did not meet the mean induction ratio cutoff of at
least 2.00. However, its high probability value (P =
0.01) indicates robustness of the microarray data ob-
tained for this gene. RT-qPCR using two additional
biological replicates confirmed the microarray data
for these genes (Table I), even though, as observed
for other genes, induction ratios were relatively
lower when measured by RT-qPCR than by microar-
ray hybridizations. Again, this could be due to cross-
hybridization from the other up-regulated members
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of the gene family with close homology to the EST
used in microarray analysis.

We further examined the activation of the genes
encoding enzymes involved in the B-oxidation of
fatty acids by RT-qPCR analysis in both local and
distal tissue using time-course studies (Fig. 3). In-
creased expression was measured for all genes in-
volved in this pathway with similar induction pat-
terns at both local and distal tissue. The earliest
induction was observed at 12 h after inoculation
(2.57-fold in local tissue and 1.41-fold in distal tissue)
for the gene encoding acyl-CoA-oxidase and peaked
at 48 h after inoculation (Fig. 3). The time-course
expression study of the gene encoding catalase-3
(CAT3) revealed up-regulation at 24 to 72 h after
inoculation with A. brassicicola, in both local and
distal tissue (Fig. 3).

Heightened fatty acid metabolism may be signifi-
cant in priming the synthesis of plant defense-
signaling molecules such as jasmonic acid (JA) and
other oxylipins (Graham and Eastmond, 2002; Howe
and Schilmiller, 2002) and merits further study (see
below). A. brassicicola-inoculated and distal leaves
have been shown to have elevated levels of JA (Pen-
ninckx et al., 1996). The induction of the genes in-
volved in B-oxidation of fatty acids in local tissue
(Table I; Fig. 3) suggests that this response was not
specific to systemic defense responses. Interestingly,
activation of this pathway was not specific to patho-
gen inoculation, because the induction of these genes
after treatment with defense-signaling molecules had
also been observed (Schenk et al., 2000). This was
confirmed by RT-qPCR analysis where, most notably,
SA treatment specifically induced the induction of
acyl-CoA-oxidase (4.17-fold) and 3-ketoacyl-CoA thio-
lase (4.2-fold) at 12 h after treatment (P.M. Schenk, K.
Kazan, and J.M. Manners, unpublished data). Further-
more, it has previously been shown that genes in-
volved in the B-oxidation pathway are also activated
during senescence and upon exposure to certain other
stresses. For instance, He et al. (2002) recently reported
the up-regulation of transcript levels of 3-keto-acyl-
thiolase by senescence. Similarly, Seki et al. (2002)
found elevated transcript levels of acyl-CoA oxidase
and 3-ketoacyl-CoA thiolase in Arabidopsis plants ex-
posed to drought, cold, or high-salinity stress. It is also
becoming clear that SA, JA, ethylene treatments, and
pathogen challenge can all promote responses associ-
ated with stress and/or senescence (John et al., 1995;
Butt et al., 1998; Morris et al., 2000; He et al., 2002).
Therefore, it is possible that the increased transcrip-
tion from the genes involved in B-oxidation may be
due to the senescence/stress-promoting effects of the
plant-signaling compounds or pathogen.

To further explore the relationship between
B-oxidation, senescence, and the plant defense re-
sponses, we examined the transcript levels of these
genes in the Arabidopsis mutant constitutive expressor
of pathogenesis-related genes/hypersenescencel (cpr5/
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Figure 3. Overview of the B-oxidation of saturated fatty acids in plants (modified from Graham and Eastmond, 2002) and
Arabidopsis genes functioning in this pathway, which were shown to be induced in distal tissue after inoculation with A.
brassicicola. Shown for each enzyme are the transcriptional changes as induction ratios (with probability value) of the
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Table Il. Forward and reverse primers used for RT-qPCR

Encoded Protein

Primers Used for Quantitative PCR (5'-3")

PDF1.2 (At5g44420)

Leu-rich repeat protein (At5g21090)

Similar to downy mildew resistance protein (At1g72930)
Putative disease resistance protein (At1g33590)

Putative disease resistance protein (At1g33600)
ARRT1-like putative protein (At3g46640)

Basic helix-loop-helix 6 protein (At1g32640)

MAP kinase 3 (ATMPK3) (At3g45640)

Zinc finger protein (At1g66140)

Putative pectate lyase (At1g04680)

Acyl-CoA oxidase-like protein (At4g16760)

Putative 3-ketoacyl-CoA thiolase protein (At2g33150)
Catalase 3 (At1g20620)

Enoyl-CoA hydratase (Multifunctional protein; At5g43280)
Acyl-CoA synthetase (At4g23850)

Cytochrome P450 monooxygenase CYP83B1 (At4g31500)
Polygalacturonase inhibitor AtPGIP2 (At5g06870)
Polygalacturonase inhibitor AtPGIP1 (At5g06860)
Desacetoxyvindoline 4-hydroxylase (At1g06620)
Putative OsNACG6 protein (At1g01720)

Putative cold acclimation protein (dehydrin) (At1g20450)
Similar to cold-regulated protein cor47 (At1g20440)

Unknown protein (At5g19250)

TTGCTGCTTTCGACGCA
TGTCCCACTTGGCTTCTCG
TGCTCACATTCCTTTACAGAACTTTG
TGCAGTTAGTGTCGTAGCTTGCA
AAAGTTCTTAAATGGAGGCAAGCA
AGCTTCGAGTCATCATCACCTGA
CTGCTCTTCTCTTAAATTGTITAGTITTGICTC
GCTTATTAGCCTCATGCTTTAAAATCTTGA
CGGAGAGCCGCAGAGACAG
AACTTGAGTCATAACCATCTTTGI GG
GGCGGAAGAAGGAGATTCAGG
TGAGCTACAACGT CAACGAATCTCT
AGGAGGCTGACGGTTGTCG
CCACCAAAACCTCACTGAGGAA
GACAGAGTTGCTTGGCACACC
GCTAAGGGCTGACGT GGGA
GGTCTCTTCATCATCCTAACTATATAAGAAAAAG
TTTCGAGGTCTAATATTGGTCTCATG
CATCCCACCAACCAAGTTAACG
TTCCCCGGCTCTGITGC
CGTTCCTTATACACTCAGGTCCG
TCGTAACGGCCAAGAACCG
TGGGCGCTACAGGAGCG
TCCCCGTCCCAATGCA
ACACCAGAGAGGGAAACTTTGATCT
TCCCATCACGGATGAAGAACA
GGAAGT GAAGCAAAGGATCCTTGG
AGACTTGCGTCCTATTCCTTC
CCAGTGCCATTTGACATGGA
CATTTCGTCGATCACACTTGGTAG
TGATGCAGATCTACAAAGACCAACC
CGTGTCAGTTCCCGGCAC
GTAGGAACAAGCTTACAGGTCCGA
CAGAGAGCTGGTTGTGTGATAGGA
AACAAACTTACAGGT TCCATAACCAGA
TGATAGGCGAAGGT CAGGGAC
TTCCGGAGATTTGTAGGGATATTATG
CCCTAGAGCTTCTGATAAAAGCTCG
CATGGGAGCTTCCTGGTTTAGC
GGACCGGT TAGGACGCGA
AGCTCTTCTTCCTCTTCGAGTGATG
CCACTGTTTTCACATGATCTCCTTC
CTTCTTCCTCTTCGAGCGATGA
CCACTAGTCCTTTCTTATCTTCCTCTCC
GCTTATGGAGCCGAAGGTCAC
CTTTCGCATCGGTGGTAGTGG

hys1; Bowling et al., 1997; Yoshida et al., 2002). This
mutant shows an enhanced accumulation of reactive
oxygen species, elevated levels of gene expression
associated with both SA- and JA-dependent defense
responses, and a hyper-senescence phenotype in the
absence of any treatment/inoculation (Bosch et al,,
1998; Clarke et al., 2000; Yoshida et al., 2002). Our
RT-qPCR analysis data showed higher levels of tran-
scripts of the genes encoding acyl-CoA oxidase (1.52-
fold), 3-ketoacyl-CoA thiolase (1.75-fold), and cata-
lase (1.47-fold) in untreated cpr5 plants compared
with wild-type plants grown in parallel. This further
suggests that an overlap exists for the B-oxidation
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pathway between plant defense and stress responses,
including senescence. Up-regulation of the compo-
nents of the B-oxidation pathway by multiple signals
could provide additional insights for the overlap ob-
served between plant defense and other stress re-
sponses (Hanfrey et al.,, 1996; Quirino et al., 1999;
Chen et al., 2002; Swidzinski et al., 2002).

Genes Involved in Secondary Metabolism, Cell
Maintenance, and Development

We observed significant induction of two genes en-
coding cytochrome P450 enzymes with yet unknown
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functions. The gene CYP83B1 (At4g31500; see Table I)
encodes a cytochrome P450 enzyme involved in glu-
cosinolate synthesis (Bak and Feyereisen, 2001; Bak et
al., 2001). Recent evidence indicates that glucosino-
lates have roles in resistance of Arabidopsis to vari-
ous necrotrophic pathogens (Tierens et al., 2001).
More interestingly, Hemm et al. (2003) have also
showed that the CYP83A1l gene encoding another
cytochrome P450 that is very closely related to our
CYP83B1 gene functions in the cross road of path-
ways involved in the biosynthesis of glucosinolates
and phenylpropanoids in Arabidopsis, further sug-
gesting defensive roles for the genes identified in our
analysis.

Interestingly, a gene putatively involved in indole
metabolism (desacetoxyvindoline 4-hydroxylase) was
induced significantly. Additionally, at a lower signif-
icance (P = 0.07), Trp decarboxylase was also induced.
Although involvement of Trp decarboxylase in the
synthesis of the Arabidopsis phytoalexin (camalexin)
is not yet known, this enzyme is involved in the bio-
synthesis of pharmaceutically important monoterpe-
noid indole alkaloids in opium poppy (Papaver som-
niferum) and Madagascar periwinkle (Catharanthus
roseus; Verpoorte and Memelink, 2002), its expression
is induced by fungal elicitors in Madagascar periwin-
kle (Ouwerkerk and Memelink, 2001), and activation
of this gene by AP2/ERF-domain transcription factor
ORCA3 occurs via a jasmonate-responsive element
(van der Fits and Memelink, 1999).

A gene encoding a malic enzyme isoform was
among the housekeeping genes that were induced
after inoculation with A. brassicicola. NADP-malic en-
zymes from maize (Zea mays) and cucumber (Cucumis
sativus) have recently been found to accompany other
plant defense responses (Havelda and Maule, 2000;
Maurino et al., 2001). Interestingly, induced expres-
sion of NADP(+) malic enzyme was found in unin-
fected cucumber cells of the plants locally infected
with cucumber mosaic virus. This, together with the
induction of genes for triose phosphate translocation
from the chloroplast and a cytochrome C subunit,
suggests that metabolic activities leading to a higher
energy state may be a part of the systemic gene
programming. Involvement of a high-energy state
with plant defense responses have also recently been
implicated by Scheideler et al. (2002).

A gene showing homology the rice (Oryza sativa)
OsNAC6 gene, which is thought to play a role in
plant development (Kikuchi et al., 2002), was
strongly up-regulated in both local and distal tissue
after fungal inoculation (Table I). A time-course
study using RT-qPCR showed that induction of this
gene in distal tissue was restricted to 48 to 72 h (Fig.
2). Currently, the exact role of this gene in plant
defense is not clear. However, identification of a
OsNAC6 homolog in tomato, which is coordinately
regulated during a Pto-mediated disease resistance,
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suggests a defensive role for this gene (Mysore et al.,
2002).

In conclusion, the results of the microarray exper-
iments described here supports the notion that plant
defense is a complex physiological event with poten-
tial involvement of many genes. This complexity is
further enhanced by the fact that resistance against
most necrotrophic fungal pathogens does not follow
a gene for gene-type interaction but rather is influ-
enced by many genes with relatively smaller effects.
In this context, some of the genes reported here
might have more direct or specific effects on the final
outcome of the interaction between Arabidopsis and
A. brassicicola, whereas induction of other genes may
be as a result of an overall stress response triggered
by the pathogen inoculation. Our results suggest that
alterations that occur in the transcription of genes
involved in pathogen perception, signal transduc-
tion, cell wall modification, fatty acid metabolism,
and secondary metabolism may be key processes
associated with the systemically activated primed
state.

MATERIALS AND METHODS
Inoculation Experiments

Arabidopsis plants were grown to eight- to 12-leaf stage in controlled
environment rooms (24°C —20°C day and night temperature) and a photo-
period of 8 h light (170 wE m 2 s~ ') under transparent covers (Yates,
Brisbane, Australia) and were treated with either defense-inducing chemical
signal compounds or fungal pathogens. All treatments were carried out at
1 h after the start of the illumination period. To identify genes whose
expression changes during plant defense responses in uninoculated (distal)
tissue, we inoculated three to four leaves on one side of the rosette of
6-week-old Arabidopsis cv Columbia plants (200 plants replicate ') with
5-uL drops of a freshly prepared spore suspension of (10° spores mL™")
Alternaria brassicicola (isolate UQ4273; freshly grown on agar plates contain-
ing clarified V8 vegetable juice (Campbell Soup Company, Camden, NJ).
The remaining leaves of the rosette were left uninoculated, and plants were
incubated under a transparent dome to provide high humidity. Uninocu-
lated distal leaves of the same age as the locally inoculated leaves were
collected opposite of the inoculation side. This inoculation system ensured
that no accidental cross-contamination of distal uninoculated leaves with A.
brassicicola spores occurred. Uninoculated control plants were grown in
parallel under the same conditions, and leaf tissue was collected at the same
time as for the inoculated plants. A total of five completely independent
experiments were performed on separate occasions to provide replicate
RNA samples for either statistical analysis of microarray data or RT-qPCR
assays.

Microarray Hybridization and Analysis of
Expression Data

The methods of total RNA isolation, northern-blot analysis, preparation
of probes, hybridizations, and scanning of slides have been described pre-
viously (Schenk et al., 2000). Stringent control measures were applied for all
steps of data analysis so that all results on gene induction and repression
presented were reproduced and had signals that were within the window of
resolution of the microarray hybridization method. Gene expression data
was normalized using a set of custom Perl scripts (Schenk et al., 2000; also
available at http://www.tpp.uqg.edu.au/microarray/pdmd.htm). Overall
background for each experiment was calculated using a set of 118 control
spots on each slide. Data points where expression was not greater than two
sps above the overall background for at least one channel were discarded.
Because weak hybridization signals are less reproducibly quantified than
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stronger signals, an additional background criterion was applied. Therefore,
at least one signal had to be two times higher than critical background
(average background plus 2X sps) of that channel and also at least 2-fold
higher than the critical background of the other channel to be considered for
further data analysis. As shown in Table I and the supplementary table,
statistical analyses of quantified and normalized data from both fluorescent
signals were carried out for each gene by calculating the sps for each signal,
and statistical significances were determined using Student’s ¢ test.

To monitor and assess differential gene expression, normalized signal
intensities were used to calculate induction or repression ratios as well as
normalized differences using Perl scripts. Genes that showed induction or
repression ratios of at least 2.00, normalized differences of at least 0.500, and
t test probabilities of at least 80% are reported (Table I; supplementary data).
The genes that did not meet these criteria have been removed from the data
set (except for a gene encoding a multifunctional protein [T43247] whose
induction ratio [1.69] was below 2.00 but was highly significant [P < 0.01]).
It is, therefore, probable that due to the stringent criteria used in data
analysis, our results may underestimate the extent of altered gene expres-
sion in distal tissue.

RT-qPCR Analysis of Transcripts

Results from microarray experiments were also validated for a subset of
selected genes by RT-qPCR experiments using either the same RNA samples
used for microarray experiments or RNA isolated from two additional
biological replicates (e.g. plants grown and inoculated separately from
microarray experiments). In these experiments, we collected Arabidopsis
leaf tissue samples for RNA isolations at 48 and 72 h after inoculation.
Additional samples were taken for one biological replicate at 1, 3, 6, 12, and
24 h after inoculation. Leaf tissue from 50 plants each of Arabidopsis cpr5
mutant and wild-type cv Columbia (grown in parallel) plants was collected
at the eight- to 12-leaf stage for RNA preparation.

For RT-qPCR experiments, 5 ug of total RNA was denatured at 70°C for
5 min followed by quick chill on ice in a 13-uL reaction containing 10 ng of
anchored oligo(dT) 23-mers, 4.5 ng of random hexamer primers (Invitrogen,
Carlsbad, CA), and 0.5 pL of 20 mMm dNTPs. After the addition of 4 uL of 5%
reaction buffer (Invitrogen) and 2 uL of 0.1 m dithiothreitol, the reaction was
preheated to 42°C for 2 min before adding 1 uL (200 units) of Superscript I
reverse transcriptase (Invitrogen) followed by incubation at 42°C for an-
other 50 min. After terminating the reaction at 70°C for 15 min, the resulting
cDNA was subsequently taken up in a volume of 500 nL, and SYBR
green-labeled PCR fragments were amplified by using gene-specific primers
designed from the coding sequence and over an RNA splice junction (if
available) of each gene using the Primer Express 1.5 software (Applied
Biosystems, Foster City, CA). RT-qPCR using the ABI PRISM 7700 sequence
detector and SYBR Green Master mix (Applied Biosystems) was carried out
using primers (listed in Table II) at a final concentration of 0.28 um each and
1 pL (the equivalent of 10 ng total RNA) of cDNA as template. PCR-cycling
conditions comprised an initial polymerase activation step at 95°C for 10
min, followed by 45 cycles at 95°C for 15 s and 59°C for 1 min. Real-time
DNA amplification was monitored and analyzed using the Sequence Detec-
tor 1.7 program (Applied Biosystems). Differences in cycle numbers during
the linear amplification phase between samples containing cDNA from
treated and untreated plants were used to determine differential gene
expression, each cycle representing a 2-fold change in template abundance.
ses of the means were calculated using the JMP In statistics software (SAS
Institute Inc.). Expression detected from three B-actin genes of Arabidopsis,
B-actin-2 (At3g18780), B-actin-7 (At5g09810), and B-actin-8 (At1g49240) with
universal actin forward primer 5'-AGTGGTCGTACAACCGGTATTGT-3’
and specific reverse primers 5'-GATGGCATGGAGGAAGAGAGAAAC-3’,
5'-GAGGAAGAGCATTCCCCTCGTA-3', and 5'-GAGGATAGCATGTGG-
AACTGAGAA-3', respectively, were used as combined internal standards
to normalize small differences in template amounts.

The sensitivity and accuracy of transcript abundance detection was ex-
amined by using a dilution series of 1-, 1.5-, 2-, and 3-fold template, set up
as triplicates to detect transcript levels of At2g28040 encoding a receptor
protein kinase (primers 5'-CTGCTCTTCTCTTAAATTGTTAGTTTGT-
CTC-3' and 5'-GCTTATTAGCCTCATGCTTTAAAATCTTGA-3') Template
changes of 1.33-, 1.50-, 2.00-, and 3.00-fold were detectable as 1.36 + 0.13,
1.53 = 0.08, 2.07 = 0.09, and 3.34 * 0.09, respectively (shown as average *
sps, assuming that each amplification cycle difference corresponded to a
2-fold change).
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